We explore a hybrid methodology in which the Hartree-Fock energy and density are combined with the nonlocal exchange functional of Becke ( 1988) and the nonlocal correlation functional of Lee, Yang and Pam ( 1988) to yield an estimate of the Schriidinger total energy. The resulting mean absolute deviation from a large number of experimental atomization energies, ionization potentials, electron affinities, and proton affinities is 3.86 kcal/mol. Performance comparisons are made with the recently developed G2 theory and nonconventional interpretations of the density functionals are discussed. 0 1992 John Wiley &Sons, Inc.
Introduction
Systematic prediction of molecular energy by quantum mechanical methods is one of the principal objectives of theoretical chemistry. In the last few years, there has been some success in developing methods which will reproduce experimental energies, such as dissociation energies, ionization potentials, and electron affinities, to an accuracy of 2 2 k d / mol or 0.1 eV. The GAUSSIAN-1 (G 1 ) and GAUSSIAN-2 (G2) models [ 1,2] achieve this by ab initio procedures, supplemented by a single small semiempirical parameter to allow for higher-order basis functions and higherorder correlation corrections. However, this level of accuracy is only reached at a cost that rapidly increases with the size of the system (an iterative N6 step followed by a single N7 step, where N scales as the molecular size). There is, therefore, interest in methods which might reach similar precision more efficiently.
Density functional theory has recently shown promise in this direction. In particular, Becke [3] has proposed an algorithm which, when applied to the same experimental data set as used in G1 theory, gives total atomization energies of neutral molecules with an average absolute error of 3.7 kcal/mol. This result compares with 1.6 kcallmol for G1 and 1.2 kcal/mol for G2 theory, but is obtained at lower cost and is more easily extendable to larger molecules. Other density functional theories have also shown promise in this direction [ 4, 5] .
Most density functional theories attempt to express the exchange and/or correlation energies as functionals of the one-electron density p( r) ( CCC 0020-7608/92/0103 19-13 but some general properties have been elucidated and many explicit forms have been tried. The densities pa, pp are obtained usually via a self-consistent procedure, based on the potential derived from the exchange-correlation functional ( KohnSham equations). However, it is quite possible to apply the same energy functionals to electron densities derived by standard (HF) theory. An extensive study of this sort, using several functionals, has been published by Clementi and Chakravorty [ 61. Such comparative studies should help our understanding of both the densities and functionals as well as pointing the way towards improved treatments. Our principal objective is to apply a combination of energy functionals from the recent literature to a large set of Hartree-Fock densities. This set consists of the atoms, molecules, and ions used in the G2 study [ 21, where they were tested against well-known atomization energies, ionization potentials, electron affinities, and proton affinities. Here we make a parallel study, using a Hartree-Fock density and a combination of exchange-correlation functionals due to Becke [ 71 and Lee et al.
[ 81. Emphasis is on the development of a unique procedure for all species, with well-defined total energies, which may be compared directly with Schrodinger total energies, insofar as they are known. Such total energies, which are rarely reported in the current density functional literature, can then be used to calculate energy differences, directly comparable to experimental data (as is possible with G2 theory).
Method
In order to facilitate comparison with previous calculations, we shall use molecular structures and frequencies exactly as in G2 theory. All geometrical parameters are found at the MP2/6-31G(d) level and harmonic frequencies at HF/6-31G(d). These frequencies (scaled by the usual 0.893 empirical factor [9] ) are used to calculate zero-point vibrational energies. Single-point Hartree-Fock calculations are then camed out with the largest basis used in G2 theory, 6-3 1 1 + G ( 3 df,2p)
[lo]. Restricted ( RHF) and unrestricted Hartree-Fock (UHF) methods are used for closed and open shell systems, respectively. The electron density, p, may be described in conventional notation as ~~/ 6 -3 1 1 + G(3df,2p)//MP2/6-31G(d). This is then used for density functional calculations.
In density functional theory, the total energy is written where ET is the kinetic energy of independent electrons having the density p, Ev is the potential energy involving nuclei ( nuclear-electron + nuclear-nuclear ) and EJ is the overall coulomb repulsive energy
The remaining term EXc is the exchange-correlation energy, representing the energy lowering due to the fact that the complete electron-electron interaction is less than EJ, partly because this incorrectly includes the interaction of a particular electron with its own smoothed distribution, and partly because the relative motion of other electrons is correlated, not independent as implicit in Eq. (2).
In Hartree-Fock theory, the energy is calculated as the expectation value of the Hamiltonian using the optimized single-determinant wavefunction with occupied spin orbitals X i . This gives an energy
where Ex is the exchange energy integration being over Cartesian and spin coordinates. This expression takes some account of the tendency of electrons of parallel spin to be kept spatially apart by virtue of the antisymmetry principle. However, as is well known, the Hartree-Fock energy EHF takes no account of the correlation between electrons of antiparallel spin. The remaining part of the energy is the correlation energy Ec, which deals with a-6 correlation and also the remaining a-a and 0-0 correlation effects not included in the exchange part of EHF. Ec is difficult and frequently expensive to compute. In G2 theory, it is treated by a combination of Mdler-Plesset ( M P ) and quadratic configuration interaction methods.
A common recommendation in density functional theory is to treat Ex and Ec together as a single correction Exc, determined by a functional E X d p ] . There is some point to this, since the exchange energy by itself is not clearly defined for densities other than Hartree-Fock. Nevertheless, in practice, Exc often is split into two parts, one of which has the appearance of an exchange correction and the other the appearance of a correlation correction. However, the two do not necessarily correspond to exact exchange and correlation, in the normal meaning of these terms. Ziegler [7] , and also used by Becke [3] in his recent study of atomization energies. We shall write this as where The first term in (7) is designed to reproduce the exchange energy of a uniform electron gas. The second term introduces a correction for nonuniformity through the density gradient Vp, the particular analytic form being such that correct asymp totic behaviour is achieved far from the molecular centre. The parameter b is chosen by Becke as 0.0042 to fit the known exchange energies for the inert gas atoms.
The Becke functional (7) is parameterized to give good atomic exchange energies. However, as noted above, it may not always lead to good exchange energies for molecules. It is useful to introduce a quantity which measures the "Becke 88 excess," or excess exchange energy implied by (7). As will be seen in the next section, this excess is quite large for many molecules. Since we are using a Hartree-Fock density, the values of E: " and Ex are both computable and hEFs8 is easily obtained.
It [ 131. It is given fully by eq. ( 2 ) of this reference and need not be reproduced in full. It does have the property of vanishing if either po or ps is nonexistent, so has the appearance of representing only a@ correlation. We denote it by EYP.
It should be noted that both LYP and MSSP applied the LYP functional to a number of other atomic and molecular systems and sometimes obtained good results when compared with known total correlation energies. Since E Y does not incorporate effects of aa or @3 correlation in any direct manner, the significance of this is somewhat unclear. We shall use E Y p only to represent the antiparallel part.
The (Becke 88 + Lee, Yang and Parr) correlation energy is then given by Results and Discussion The BLYP procedure just described has been applied to the 152 atoms, molecules, and ions needed for comparison with the experimental G2 data set (which we have extended here to include H2, H: , He, He+, Ne, Ne+, Ar, and Ar+) using a modified version of the GAUSSIAN 92 suite of programs [ 141. The source data listed in Table I are: 1. The proper (unrestricted Hartree-Fock) exchange energy, Ex, with the large 6-3 1 1 +G( 3 df2p) basis; 2. The Becke-88 excess, AE$88, given by Eq. (9), measuring the amount by which the Becke functional (7) gives an energy contribution additional to Ex; 3. The estimate of the total correlation energy, EFp, given in this theory as the sum of AEy8 and the antiparallel part due to Lee, Yang and Parr; 4. The total energy, E Y , obtained by adding the correlation to the Hartree-Fock energy, to give E, and then further modified by addition of the zero-point energy, as listed elsewhere
This set of data should prove of value in assessing the role of various energy contributions; it is more comprehensive than most of the data published in the density functional literature. We begin with information about the total energies of atoms. For small atoms, the total energy (corresponding to full solution of the Schrodinger equation ) is moderately well known, either by high-level theory, or by some combination of experimental and theoretical ionization potentials. The BLYP results are compared with some such values in Table 11 . Agreement is generally achieved within 10 millihartrees (mh), although there is some variation. The Becke-88 functional fails to give the correct exchange energy for the hydrogen atom (-312.5 mh) by 2.8 mh, leading to a significant error of 3 mh. For the heavier atoms, such as oxygen, fluorine, and neon, there are some partly compensating errors. On the one hand, incompleteness of the orbital basis results in a Hartree-Fock energy that is too positive by about 20 mh for the neon atom (based on the HF limit of -128.5470 given by Veillard and Clementi [ 151) . On the other hand, the magnitude of the correlation energy is overestimated in this treatment. Here, we have -31.1 mh from and -383.4 mh from E Y , giving a total of -414.5 mh. The actual correlation energy of neon is close to -390 mh [ 161. Table 111 lists the total atomization energies, ZOO, from the present theory, together with G2 and experimental data. This consists of the 55 molecules of the G2 set plus H2. The mean absolute difference between BLYP and experiment is 3.94 kcal/mol, which may be compared with 1.16 kcal/mol for G2 theory. The BLYP 8 and a correlation correction based on the paramatrization of the free-electron gas by Vosko et al. [ 
171.
We shall refer to this procedure as ~9 2 .
A detailed examination of the entries in Table 111 shows little correlation with errors reported for B92, even though the overall performance is comparable. The BLYP binding energies are mostly too small, whereas B92 tends to overbind. A large BLYP error occurs for the CN radical, for which Do is 13.4 kcal/mol too low; B92 gives a value 6.1 kcal/mol too high. This radical is known to be highly spin-contaminated at the UHF level. It is therefore of interest to note that the restricted ROHF density leads to a BLYP binding of 174.0 kcal/mol, in much better agreement with experiment. Other large BLYP errors are found for C2H6 and Si2H6, the latter giving an atomization energy 17.2 kcal/mol too small. These errors are spread over seven bonds, however. ~9 2 gives good agreement for these molecules. Table IV gives ionization energies for the same G2 set plus values for the hydrogen atom and the three inert gases helium, neon and argon. The mean absolute difference between BLYP and experiment is 0.195 eV (4.49 kcal/mol), compared with 0.054 eV ( 1.24 kcal/mol) by the G2 procedure. We note that the majority (30 of 42) of the BLYP ionization energies are smaller than experiment. In particular, the result for the hydrogen atom is significantly too small (by 0.08 eV). This may be traced to the failure of the Becke-88 formula to give the correct exchange energy for the hydrogen atom. On the other hand, the worst error in Table IV is for carbon monosulfide, for which the BLYP value is 0.69 eV too large. Our results show comparable accuracy to a smaller set of ionization energies of another DFT study reported by Ziegler [ 1 11, using different functionals. Table V lists electron affinities for the G2 dataset. The mean error for BLYP is found to be 0.137 eV (3.16 kcal/mol), compared with 0.056 eV (1.29 kcal/mol) for G2 theory. The majority (20 of 25 ) of the values are numerically too small. However, the result more seriously in error is the cyano radical, for which the BLYP electron affinity is 0.74 eV too high. This large error evidently is due to the poor description of the neutral radical, as already noted in the discussion of atomization energies. Our results may be compared with a DIT study of electron affinities due to Ziegler and Gutsev [ 181, using different functionals. They studied many of the same molecules and also found an average error of about 0.2 eV. However, for the cyano radical, they obtain an electron affinity which is too small, whereas ours is Table VI gives eight proton affinities that are compared with G2 theory and experiment. Here the performance of BLYP is quite good, the mean error of 2.11 kcal/mol being not much greater than the value of 1.04 kcal/mol obtained at the G2 level. This superior performance is not surprising, since no change in the number of electrons is involved and the electron configurations of the protonated species are closely related to those of the neutral molecules.
Combining all of the 130 experimental comparisons in Tables I11 to VI, we obtain an overall mean absolute error of 3.86 kcal/mol for the BLYP model. This is not much greater than the value of 3.7 kcal/mol obtained by Becke [ 3 ] for atomization energies only.
Parallel and Antiparallel Contributions
We return now to the interpretation of the separation of Exc into parallel and antiparallel parts, EF8 and E Y . As noted earlier, one possibility is that the parallel Another possibility is that the partition of correlation into AEy8 and E Y gives the breakdown of correlation binding into parallel and antiparallel parts, even though this does not work fully for the isolated atoms. We have tested this idea by evaluating some of these binding contributions from Table I (they turn out all to be positive) and compare them with the corresponding parallel (aa + PP) and antiparallel (ao)
contributions from an MP2 treatment (frozen core or valence electrons only with the same basis), where the parallel-antiparallel partition is unequivocal. This comparison as displayed in Table VII shows moderate success for the simple hydrides CH4, NH3, OH2, and FH. However, for the two heavy-atom molecules N2 and F2, the comparison is much less successful. For F2, the satisfactory reproduction of the total correlation binding (as evidenced by the good dissociation energy in Table  111 ) is ascribed mainly to the parallel (Becke-88) part rather than to the antiparallel ( LYP) part. At the M P~ level, the opposite is true. Evidently, the success of the BLYP procedure cannot be fully understood along these lines; new insight is needed.
Conclusions
The following conclusions are drawn from this work:
1. The BLYP procedure described, based on existing energy functionals and using the Hartree-Fock density, is capable of giving total energies in reasonable agreement (-20 mh) with exact Schrodinger energies, insofar as these are known. 2. Various differences Of BLYP total energies reproduce good experimental data on atomization energies, ionization energies, electron affinities and proton affinities to an accuracy of about 4 kcal/mol or 0.2 eV. Even though this does not match the greater accuracy achieved by G2 theory, it is a significant achievement for a method of moderate computational cost. The use of a single, well-defined, theoretical procedure for all of these physical properties gives some coherence to the theory. 3. The partition of the electron correlation into parallel (~8 8 ) and antiparallel ( LYP) parts does not always match the corresponding partition in simple MdlerPlesset theory. The significance of the individual components of BLYP (or other comparable density functional treatments) is not fully understood.
this approach to quadrature on the surface of a sphere can be found in the literature [ 2 11.
If the electron density p( r ) itself is integrated using this preliminary scheme, the results agree with the total number of electrons to within a few thousandths of an electron for all of the molecules studied. Furthermore, we have observed that both the ~8 8 and LYP functional values are comparatively insensitive to further improvements in the grid. Nonetheless, further work is underway to construct even more efficient integration schemes.
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